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ABSTRACT OF THESIS 
 
 
 
 
USING SEQUENTIAL IMAGERY TO EVALUATE ASPECTS OF SEED VIGOR AND 
GERMINATION 
 
A sequential imaging system using a flat bed scanner interfaced to a personal 
computer was developed to study seed germination and vigor. The utility of the system was 
demonstrated in studies relating aspects of seed vigor in impatiens seed lots and for 
dormancy release in two woody perennials. Impatiens seed lots were kept in storage for 6 
months to obtain a range in vigor levels. The ability to see differences at the individual seed 
level was possible because of the development of the sequential imaging system. It was 
observed that seeds deteriorated both under optimum 4OC as well as 25OC storage conditions. 
It was determined that both germination rate and seedling growth rate were appropriate 
measures of seed vigor. As untreated and primed seed lots were aged, germination 
percentage was negatively correlated with germination rate and positively correlated with 
seedling growth.  However, there was a lack of correlation between germination rate and 
seedling growth on an individual seed basis. The data suggests that germination rate and 
seedling growth rate appear to be measuring different aspects of vigor. Sequential imagery 
also showed subtle changes in seed and seedling growth as seeds came out of dormancy that 
would not be detectable otherwise. This technique revealed changes in seed morphology that 
were previously not documented for seeds with physical dormancy. The current study 
furthered the utility of the imaging system by the development of sequential imaging that 
allows for samples to be collected hourly without technician input. This permitted very 
accurate determinations of germination rate and seedling growth on a single seed basis. 
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Introduction 
 
Seed germination and vigor are measured to provide an indication of the future ability 
of seeds to germinate and produce a seedling that will emerge from the soil and develop into 
a healthy vigorous plant (Egli and TeKrony, 1995). Seed lot performance in the field is 
usually better correlated with seed vigor than standard germination tests.  The need for 
accurate prediction of the performance of a seed lot is important before that seed lot is 
released for commercial use.   
Seed vigor has been described as those seed properties which determine the potential 
for rapid, uniform emergence and development of normal seedlings under a wide range of 
field conditions (AOSA, 1986). The Association of Official Seed Analysts (AOSA) also 
defines seed vigor as “..those seed properties which determine for rapid, uniform emergence 
and development of normal seedlings under a wide range of field conditions” (AOSA, 1983).  
Seed germination and the subsequent speed and uniformity of emergence from the soil 
depends on the vigor of the seed lot. The seed vigor declines before any discernable decrease 
in germination percentage of stored seeds (Delouche, 1965). Radicle protrusion is the visible 
sign of completion of germination.  Radicle protrusion results from cell elongation due to 
changes in water potential in the embryo allowing a resumption of water uptake following 
imbibition and the log phase. Subsequently, events such as mobilization of storage reserves 
and cell division support additional seedling growth (Bewley, 1997).  
Vigor has been evaluated by both germination or seedling emergence rate and 
seedling growth rate. However, the relationship between these two measures of vigor has not 
been determined. Germination rate is a measure of the speed of germination commonly 
represented by the time to 50% germination. There are numerous ways to measure 
germination rate, but all use time to radicle protrusion as a parameter of germination rate. 
However, the actual time of radicle protrusion can be difficult to accurately determine 
because time intervals between evaluations is limited by the technician’s time and can be as 
long as 24 hours.  
In contrast to germination rate, which are measures of time, seedling growth rate is a 
determination of growth parameters such as length, area, or dry weight at periodic times after 
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radicle protrusion. Seedling growth rate evaluation is also limited by the ability to accurately 
measure length with a ruler.  
Sequential imaging using machine vision and a computer can be a useful tool for 
determining the exact time of radicle protrusion and subsequent seedling size without 
manually handling the seedling. Geneve and Kester (2001) used a flat bed scanner interfaced 
to a computer, which required the use of a transparent (clear cellulose) germination medium 
for its petri dish germination and a top lighting attachment (transparency adapter) for the 
scanner. These conditions did not require removal of the petri dish lid before imaging. 
 The study was initiated with the objective of modifying the imaging system 
developed by Geneve and Kester (2001) to automatically capture sequential images every 
hour. Using this system, the relationship between germination rate and growth rate in 
untreated and primed seeds will be observed as these seed lots age in storage. The 
relationship between these two measurements will be evaluated on a single seed and 
population basis. In addition, the utility of the sequential imaging system will be evaluated 
for measuring typical parameters associated with physical and physiological dormancy in 
two woody perennial species. 
 
 
 
 
 
 
 
 
 
 
© Manjul Dutt 2004 
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Chapter One 
Review of Literature 
Introduction 
 
In sexually reproducing plants, the plant life cycle starts with the onset of seed 
germination. Mature, non-dormant seeds require moisture, temperature, oxygen, and in some 
species light to germinate (Copeland and McDonald, 1995). Embryo growth and physical 
weakening of the cells surrounding the radicle occurs and are observed before completion of 
germination (Welbaum et al., 1998).  Germination is defined as “the emergence and 
development from the seed embryo of those essential structures which, for the seed in 
question, are indicative of the ability to produce a normal plant under favorable conditions” 
(AOSA, 2000). Germination depends on the quality of the seed lot under observation. 
 Seed lot quality can be measured by measuring the standard germination percentage 
and the seed vigor of the seed lot. Standard germination percentage measures the germination 
percentage under optimal conditions. Seed lots that do not germinate at high percentages 
under near-optimal conditions will continue to perform poorly under commercial growing 
conditions. Standard germination tests support the seed vigor testing process as vigor testing 
provides additional information about the potential for the seeds of a seed lot to complete 
germination under less than optimal germination conditions found in most farming systems.  
 
Seed vigor 
 
The International Seed Testing Association (ISTA) describes vigor as “the sum total 
of those properties of the seed which determine the level of activity and performance of the 
seed or seed lot during germination and seedling emergence” (Perry, 1981). Also the 
Association of Official Seed Analysts (AOSA, 1983) defines seed vigor as “those seed 
properties which determine the potential for rapid, uniform emergence, and development of 
normal seedlings under a wide range of field conditions.” Seed vigor can thus be described as 
the sum total of a series of seed longevity and germination characteristics that in combination 
determine the propensity of the seed of a given seedlot to complete germination and/or 
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establishment under sub-optimal conditions. It can be considered as the plant’s ability to 
emerge rapidly (Heydecker, 1960). 
Seed vigor is influenced by a number of factors since the development of a seed 
encompasses a series of important ontogenetic stages from fertilization, to accumulation of 
nutrients, to maturation/desiccation, to dormancy (Copeland and McDonald, 2001). 
Germination and growth require a delicately balanced and precisely timed cooperation 
among all systems in seeds. An imbalance leads to reduced synthetic activity and thus 
reduced growth rate (Ching, 1972). A reduction in storage life is a characteristic of seed 
deterioration, which, like a decrease in germination rate or an increment in the incidence in 
seedling abnormalities, indicates a loss of seed vigor (Delouche and Baskin, 1973). The main 
variables influencing seed vigor are genetic constitution, environment during seed 
development and the seed storage environment.   
Seed vigor testing had become vital to quality control and marketing for many 
commercial seed companies (Byrum and Copeland, 1995). Unlike the standard germination 
test, which is a required test for each commercial seed lot, seed vigor tests provide an 
assessment of germination performance under field or greenhouse conditions.  A vigor test 
must meet some basic requirements: 1) provide a more sensitive index of seed quality than a 
standard germination test 2) provide a consistent ranking of seed lots in terms of potential 
performance, 3) be objective, rapid, simple, and economically practical, and 4) be 
reproducible and interpretable (McDonald, 1975). Vigor tests in general measure: 1) 
germination percentage of normal seedlings after imposition of stress – such as cold or 
accelerated aging, 2) biochemical tests – such as tetrazolium or electrolyte conductivity and 
3) seedling growth.  
The tests which are used as seed vigor tests in larger seeded agronomic crops may not 
be appropriate for small seeded crops. Munn (1926) observed field germination of garden 
peas to be significantly lower than percentages determined by standard germination tests. 
Subsequently, it was recognized that identification of abnormal seedlings in the standard 
germination test was a better predictor of field emergence in small-seeded crops, such as 
onion (Clark, 1943). The concept of germinating small-seeded horticultural crops under 
stressful conditions as a test for field emergence was demonstrated in early work with onion 
where laboratory tests were conducted in soil boxes (Munn, 1938). 
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Most commercial flower crops are small seeded and are not sown in the field. The 
seeds are sown onto soilless media under controlled environments (Styer and Koranski, 
1997). These range from the relatively variable environment within greenhouses to controlled 
growth rooms that provide near-optimal germination conditions (Cantliffe, 1998). Heit 
conducted numerous studies on the specific requirements for testing flower seeds and 
summarized germination testing in over 100 species of flowers (Heit, 1946). Due to the 
diversity of flower seed crops, differences in seed size, limited information on standard 
germination conditions, and the absence of an accepted description of abnormal seedlings, 
seedling growth had been the most useful measure of seed vigor in flower seed crops.  
Seed vigor has been determined by both germination rate and seedling growth rate. 
Germination rate measures the speed of germination which is commonly represented by time 
to 50% germination (T50), while seedling growth rate is evaluated on a real time basis by 
measuring rate of elongation of the radicle per unit time. 
 
Germination rate 
 
AOSA (1983) considers germination rate as an indicator of seed vigor. Seed lots with 
similar total germination percentages often vary in their rate of germination and growth. 
Belcher and Miller (1974) used time taken to reach 90% germination (T90) as a measure of 
the germination rate. Other methods to evaluate the germination rate have also been used. 
Carpenter et al., (1994) measured Impatiens wallerana Hook. f. seed germination rate using 
both the number of hours to 50% of the final germination percentage (T50), and the days 
between 10% and 90% germination (T90 -T10). Parks and Boyle (2002) observed a good 
correlation between a seed lot’s T50 and T90 -T10 values. 
Numerous studies have used germination rate to evaluate seed lot performance 
between non treated and primed flower seeds, but only a few have used germination rate to 
compare seed lots that differ in vigor (Table 1.1). 
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Table 1.1:  A summary  of flower species using germination rate or uniformity to evaluate 
vigor. 
 
 
Genus 
 
Germination rate 
 
Uniformity 
 
References 
Begonia  
 
T50a T90 -T10b Carpenter  et al., 1995 
Catharanthus  
 
T50 T90 -T10 Carpenter and Boucher, 1992 
Echinacea 
 
3-d germination % 
MTGc
 Wartidiningsih and Geneve, 1994 
Samfield et al., 1990; 1991 
Gerbera T50 T90 -T10 Carpenter et al., 1995 
Impatiens  
 
T50 T90 -T10 Carpenter  et al., 1994 
Liatris 
 
T50 T90 -T10 Parks and Boyle, 2002 
Petunia MTG Standard 
deviationd
Finch-Savage, 1991 
Phlox  T50 T90 -T10 Carpenter et al., 1993 
 
Viola T50 T90 -T10 Carpenter and Boucher, 1991 
    
a T50 is the time required for 50% seed germination. 
b T90-T10 is the duration required for germination between 90% and 10% of final germination. 
c MTG is the mean time to germination calculated as ΣTi Ni / ΣNi, where Ni is the number of 
germinated seeds at time Ti. 
d Standard deviation of log transformed germination percentages. 
 
T50 or the time to reach 50% germination is probably the most common measure of 
evaluating seed germination speed.  It is appropriate for low quality seed lots (Copeland and 
McDonald, 2001). The advantage of this test is that little additional work needs to be done 
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for data evaluation and is an appropriate measure for quantifying the difference among  seed 
lots (Maciel and Mogollon, 1997). Germination rate has, however not been reported as a 
velocity for individual seeds. It is used to report on a segment of the population on a seed lot 
basis. Mean time to germination (MTG) is also a single measure of population germination 
speed. It is based on calculations similar to Maguire’s (1962) speed of germination 
calculation. It is calculated as ∑Ti Ni / ∑Ni where Ni is the number of germinated seeds at 
time Ti. Also, growth rate has been measured as the inverse of the time to complete 
germination [tg] by Dahal et al., (1990) in tomato. 
A common usage of T50 by various researchers is to evaluate germination capacity of 
seeds primed or treated with germination enhancing chemicals (Table 1.2). Pre treating seeds 
of various species led Albert et al., (2002) to observe increased germination rate (T50) in the 
treated seeds over the control.  
 
Table 1.2: A summary of small seeded crops using enhancement chemicals/cryopreservation 
to decrease T50. 
 
Genus 
 
Outcome 
 
References 
Apium 
graveolens 
Priming of the seeds alone or in combination 
with cryopreservation decreased T50 
 
Gonzalez-Benito et al., 
(1995) 
Allium cepa  Osmotic priming reduced T50. Seeds from 
primed seeds took 10% to 12% less time to 
complete germination than for unprimed seeds. 
 
Murray et al., (1992) 
Brassica sp. Seeds were cryopreserved in liquid nitrogen. 
T50 was unchanged due to cryopreservation. 
 
Perez-Garcia et al., 
(1996) 
Cuminum sp. Reduced T50 by priming seeds with PEG-4000 
or water for 2 or 3 days. 
Tawfik and Noga 
(2001) 
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Lycopersicon 
esculentum, 
Solanum 
melongena 
Matriconditioning caused a reduction in T50 in 
conditioned seeds which ranged from 4 days in 
eggplant to 2 days in tomato. 
 
 
Andreoli and Andrade, 
(2002) 
Nicotiana 
tabacum 
The greatest reduction of T50 was when the 
seeds were primed at 250C. The reduction in T50 
was rapid when primed from 1 day to 8 days 
and then slowed down in the seeds primed for 
longer than 8 days. 
 
Min and Seo (1999) 
Oryza sativa The time from sowing to 50% germination of  
PEG primed seeds was less than that of 
untreated seeds by 0.9-3.7 days. 
 
Lee et al., (1998) 
Salvia sp.  Reduced T50 in seeds by priming the seeds with 
0.50 MPa PEG at 20°C. 
 
Jeong et al., (2000) 
 
Aging of seeds either naturally or artificially has been known to increase T50. Aging 
deteriorates the seed and as a result the speed of germination decreases. Very few studies 
have, however, used flower seeds in attempts to model seed longevity in storage. One 
exception is the work by Kwong et al., (2001) for delphinium (Delphinium elatum L.) and 
salvia (Salvia splendens Sellow ex Roem. & Schult.) seeds. In tobacco Min (2001) observed 
that the germination percentage of artificially aged seeds rapidly decreased starting from 8 
days of aging and T50 was greatly increased, particularly in germination at 15°C. When the 
aged seeds were primed the germination capacity was partially restored in the primed seeds 
particularly in the seeds subjected to longer aging durations and germinating at 15°C.  
Temperature affects the speed of germination indirectly by promoting seed 
deterioration. At higher temperatures, increased respiration rates in the seeds results in 
decline in viability and vigor. Carpenter et al., (1995) germinated gerbera seeds in various 
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temperature regimes and observed that T50 were lowest at the highest temperatures of 25°C 
or 30°C.  Increasing priming temperature in florence fennel seeds produced a trend of 
increasing germination speed (Damato et al., 1994). 
Storage time and environment also affects T50. Storage for longer periods of time 
and/or in higher moisture levels generally increased the T50. Carpenter and Ostmark (1992) 
evaluated the storage and germination environments to determine the cause of low total 
germination percentages and highly irregular germination of Coreopsis lanceolata L. seed.  
They observed that T50 was 10 days following 5-6 months of storage at 5° and 10-20% RH or 
15°C and 10-40% RH, with longer periods to T50 at less favorable (higher temperature and or 
RH) storage conditions. In Phlox drummondii Hook. T50 decreased as the temperature rose 
from 10 to 20°C.  
Min (2001) stored primed and untreated tobacco seeds for 6 months to observe the 
effects of aging on seed germination. Untreated seeds (control) stored at 5°C showed high 
germinability (final germination percentage) throughout the entire storage period over the 
whole range of humidities tested. They declined in germinability after 6 months at 60% 
relative humidity (RH) and after 3 months at 80% RH when stored at 25°C. Primed seeds 
retained high germinability until 6 months at 60% RH and 3 months at 80% RH when stored 
at 5°C but showed a significant decline in germinability after 3 months at 40% RH, and 1 
month at 60% and 80% RH when stored at 25°C. Primed seeds completely lost viability 
when stored at 25°C under 60% RH for 6 months and under 80% RH for 3 months. 
Percentage germination of primed pepper seeds also decreased after 10 months of storage at 
room temperature or 35°C compared with primed seeds stored at 5°C. T50 increased with 
increasing storage temperature.  Also repriming primed seeds after storage for 10 months at 
5°C reduced percentage germination but did not change T50 ( Jeong and Cho, 1996).  
 
Seedling growth rate 
 
In contrast to germination or seedling emergence rates, which are measures of time, 
seedling growth rate is a determination of growth parameters such as length, area, or dry 
weight at periodic intervals after imbibition. In the short term, cell division and cell 
expansion following imbibition are uncoupled. Upon inhibition of the cell cycle, existing 
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cells within the meristem may continue to expand leading to a large cell length close to the 
apex. Eventually extension of the root is inhibited as the supply of cells is exhausted (Baiza 
et al., 1989). Although seedling growth rate is a sensitive measure of seedling vigor 
(Woodstock, 1969), it is difficult to incorporate in routine vigor testing because it is too labor 
intensive to periodically evaluate seedling growth over time. Therefore, seedling growth rate 
has often been estimated by measuring seedling size after a set time since imbibition. 
Strehler (1962) noted that seed deterioration which reduced percent germination did 
not necessarily reduce the seedling growth rate. Thus mechanisms which control seedling 
growth and influence reduction in percent germination could be different. Growth tests used 
to estimate seed vigor often confound effects of seed deterioration on the rate of germination 
with those of post germination growth rate (Finch-Savage, 1995) Therefore, to separate these 
two factors, Bingham and Merritt (1999) made measurements of root extensions on cohorts 
of seedlings produced from aged and unaged seeds which completed germination within the 
same time period or 24 – 48 hours after imbibition. They observed that aging resulted in a 
smaller root length at each measurement time. Thus, the effects of aging cannot be attributed 
simply from later germination within the 24-48 hour post imbibition period, because if this 
was the case, then the curves describing root length over time for roots of seedlings from 
aged and un aged seeds would be parallel. The slower extension rate after aging was the 
result of a reduction in the rate of cell expansion and a slightly shorter growth zone. The 
effects of cell expansion were accompanied by a smaller reduction in the rate of cell 
proliferation.  
There are three commonly used measures of seedling growth. These include: seedling 
size after a specified time; seedling growth rate (size calculated over time); and a vigor index 
(growth plus a measure of uniformity). Seedling size after a specified time has been reported 
in a number of species. Reductions in seed vigor lead to slower and less uniform seedling 
emergence and reduced growth in brussels sprouts (Powell et al., 1991) and onion (Wheeler 
and Ellis, 1992).  
Seedling growth rate estimation is the most commonly used measurementof the three 
mentioned above. Demir and Gunay (1994) reported that seedling growth rate was not 
affected either by priming or artificial aging of cucumber seeds. Priming also did not have 
any affect on growth rate (Green, 1980 and Odell and Cantliffe, 1986). It was observed by 
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Haige (1988) that primed embryos had higher relative growth rates only in the first 12 hours 
after radicle emergence, apparently due to higher embryo cell wall extensibility. No 
differences were observed 48 hours after germination. 
The vigor index is an important value for evaluating seed vigor because it includes 
both seed germination and seedling growth data. Parde et al., (2002) measured the lengths of 
germinated seedlings after 7 days. They calculated the vigor index by the following formula 
(vigor index  = 1/N ∑ Germination (%) X seedling length (cm) ) where N is the number of 
seeds that germinated. The ball vigor index proposed by Conrad (1999) uses total leaf area of 
seedlings in a plug flat divided by its standard deviation as a measure of vigor. This is 
multiplied by the germination percentage. Sako et al., (2001) calculated vigor as the sum of 
weighted values for growth and uniformity minus a penalty value for non germinating seeds. 
This they claimed, allowed the analyst to emphasize growth and uniformity depending on the 
seed being evaluated. 
Tarquis and Bradford (1992) working with lettuce did not observe any significant 
effect on the timing of germination on seedling growth rates following germination. However 
they only considered seeds which they had judged to be normal at the end of the test for 
analysis. They also reported that the roots of the seedlings from the slowest seeds to complete 
germinatation grew at the same rate as the roots of the seedlings from the first seeds to 
complete germination, so long as only normal seedlings were considered. A similar situation 
was observed with respect to aging time although viability was lost in the aged seeds much 
earlier than the control.  
The slant board test has been carried out by several researchers as a vigor test to 
measure the radicle or root growth rate. Woodstock (1969) reported, using the slant board 
test, that seedling growth rates are a sensitive indicator of seed quality, growth tending to 
decline with seed age well in advance of a reduction in final germination percentage. The 
slant board test effectively integrates assessment of the rapidity of germination and the rate of 
root extension growth in the early days of seedling development. The method employs 
germination of seeds on a slant board so that straight seedlings are obtained that are 
subsequently measured by an analyst as described for lettuce (Smith et al., 1973).  It has been 
used in a number of small seeded crop species like lettuce (Smith et al., 1973, Wurr and 
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Fellows, 1985), carrot (Gray and Steckel, 1983), cauliflower, leek and onion (Finch-Savage, 
1986).  
McCormac et al., (1990) also used this technique to automate the recording of 
seedling growth using machine vision. However, this technique is not suitable for round 
seeded crops. It can be used in crops like lettuce and carrot, which, by virtue of having at 
least one flattened surface and a low seed weight, can be held on a sloping surface by 
hydrostatic forces. This technique required physical handling of the growing roots, to 
measure the length of meandering roots which required their prior straightening by hand 
which could cause root damage. 
Scott and Jones (1985) indicated that the metabolic processes determining seedling 
growth rate are distinct from those controlling germination rate. They found that once the 
seeds completed germination, their further growth is more dependent on the genotype and 
their stage of deterioration rather than on their rate of deterioration.  Similarly Argelich et al., 
(1989) reported that measurements in the root growth after radicle emergence showed that 
priming had no persistent effect on seedling growth rate. Once aged seeds emerged from the 
soil, their growth rates were similar to that of other seed lots regardless of treatment. They 
concluded that the priming effect could be solely attributed to early emergence only. During 
deterioration, the root apical meristem is the first tissue to be damaged, which leads to a 
reduction in longitudinal root growth. During priming, on the other hand, repair processes 
occur. However this advancement effect may simultaneously result in loss of resistance to 
seed deterioration during storage.  The transition from increased to decreased seed longevity 
apparently occurs during the lag phase of seed imbibition before radicle growth. Thus 
enhanced vigor in terms of germination or seedling growth rates co exists with an enhanced 
susceptibility to deterioration in the desiccated state. Primed seeds lost vigor faster than 
unprimed seeds under similar storage conditions (Odell and Cantliffe, 1986). Also there was 
no difference in the average radicle length between primed and untreated tomato seeds.  
 
Computer imaging 
 
Various techniques have been used to image germination, growth and root 
development. Researchers have attempted to eliminate the time and potential errors inherent 
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in hand analysis by using computer-aided measurements of seedling size. Sequential imaging 
offers non destructive measurement of seed radicle elongation and allows recording of 
precise time to completion of seed germination. Also, it enabled observation of growth and 
development of either an individual seed or a seed  population. Initial studies included 
systems that used machine vision (Howarth and Stanwood, 1993), time sequence 
photography (Tomas et al., 1992), and computerized automated seed analysis using a hand 
potentiometric caliper (Keys et al., 1984). 
Geneve and Kester (2001) showed that digital images captured with a flat bed scanner 
could be used to accurately measure the individual seedling length of various small seeded 
crops like cauliflower, tomato, pepper, impatiens, vinca and marigold. Costa et al., (2001) 
used WINRHIZO, an interactive scanner based image analysis system and evaluated the 
roots of various crop species. They concluded that scanner based image analysis was an 
accurate method when compared to hand based root measurement. Similarly Oakley et al., 
(1998) used MACRHIZO software and correlated the computer generated radicle length of 
germinating marigold seedlings with the standard AOSA vigor test and found both results to 
be similar. Howart and Stanwood (1993) developed a machine vision system using a camera 
to measure root growth rate over the entire establishment period. They also compared 
machine vision measurement technique to manual root measurement techniques and 
concluded that both provided similar growth rate measurements. 
Seed and seedling morphology can be accurately analysed with imaging techniques 
and differentiation between normal and abnormal seedlings in a germination test can be 
recorded. McDonald et al., (2001) used an inverted scanner to record and characterize 
different seeds and create an image library to share images over the internet.  Sako et al., 
(2001) developed an automated seed vigor system based on the same scanner interfaced with 
a computer to capture digital images of germinating seedlings. The images were processed in 
the computer to generate numerical value that were used to generate the quality of a seed lot 
based on various statistics acquired from morphological features of the imaged seedlings. 
Images of the completion of aged cauliflower seed germination captured digitally and 
analysed revealed a slower rate of germination than unaged seeds (Dell Aquilla et al., 2000). 
A video image analyzer has been used by Shuman et al.,(1993) to measure root lengths. They 
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concluded that the method was accurate in measuring root lengths as compared to a manual 
method.  
Tomas et al., (1992) used a 35 mm camera to record images of germinating seeds as 
time sequence photography to evaluate time to seed germination in cucumber and tomato. 
Adams et al., (1989) used a black and white video camera and an image analyzer to measure 
the lengths of oak roots. This system was useful for larger roots but did not do well in 
detecting fine roots. The system increased the rate of measurements eight times over the line 
intersect method.  Imaging also helps in non destructive in vitro studies. Smith et al., (1990) 
used video imaging techniques to quantitatively monitor root initiation and growth in vitro in 
a time course assay without disturbing the culture. A CASAS (Computerized Automated 
Seed Analysis System) was developed by Keys et al., (1984) for automated seedling 
measurement analysis. This system used a microcomputer interfaced to a hand 
potentiometeric caliper via an analog/digital converter. The caliper measured the length of 
normal seedlings which was sent to the computer using a hand button switch.  
Seedlot vigor/quality plays an important role in any seed certification program. 
Imaging has been applied in seed vigor studies by Conrad (1999) who developed and 
patented a unique method to assess the quality of a seed lot. The method called the Ball Seed 
Vigor Index uses images of germinating seeds in plugs and generates the quality of the lot. A 
machine vision system for determining seed lot vigor was developed by McNertney (1999) 
which is comprised of an imaging device oriented to acquire an image of a germinating seed 
and an image analyzer. Successive images of a seed are analysed automatically to determine 
radicle growth rate as a  measure of the vigor of a seed lot. This system determines seed lot 
vigor independent of environmental germination conditions, measures a parameter which 
correlates highly with the characteristic of interest, and employs an appropriate experimental 
design, including sample size and test replication in order to insure that test results match 
actual final stands obtained from normal commercial production. 
 
 
 
 
 
 
© Manjul Dutt 2004 
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Chapter Two 
 
Using sequential imagery to evaluate germination and seedling growth rate in impatiens 
seeds of different vigor 
 
Introduction 
In seed lots with high viability, the ability to produce usable seedlings under less than 
optimal germination conditions is related to seed vigor. Thus, seed vigor testing is an 
essential tool used to evaluate commercial seed lots. Seed vigor testing has been an accepted 
tool used to evaluate agronomic crops and to a lesser extent small seeded vegetables. 
However, progress in developing vigor tests for the ornamental seed industry has been slow 
mainly due to the diversity of important commercial species and the generally small size of 
the seeds. Current cultural practices for greenhouse plug production of bedding plants uses 
highly mechanized plant cultivation systems that rely heavily on high quality seeds to meet 
the goals of near 100% emergence and high uniformity in the plug tray. This makes 
development of standardized vigor tests a priority for the commercial flower seed industry. 
The most common vigor tests are based on germination behavior (Hampton and 
TeKrony, 1995). These include normal germination percentage after a stress imposition, 
germination speed (germination rate) and early seedling growth following germination. 
Germination percentage following stress includes the two most important vigor tests used for 
agronomic crops, the cold test and the accelerated aging test. These tests have not proven 
useful for small-seeded crops, but a modified version of the accelerated aging test that 
reduces the humidity inside the aging container, has been adapted for flower seeds (Jianhua 
and McDonald, 1996). Tests that measure germination speed and/or seedling growth appear 
to have the widest adaptability across the large number of commercially grown small-seeded 
flower species. 
Germination rate is usually measured as the time required for 50% of the seed 
population to complete germination. However, the actual time of radicle protrusion can be 
difficult to accurately determine because time intervals between evaluations is limited by the 
technician’s time and can be as long as 24 hours.  
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Seedling growth rate is measured as length, area, or dry weight at periodic times after 
imbibition. Vigor tests for seedling growth usually require growing seedlings on a slant-
board to generate straight seedlings that are hand measured by an analyst (Smith et al., 1973). 
It has been used successfully to test vigor in a number of small-seeded vegetable crops like 
carrot, lettuce (McCormac et al., 1990; Smith et al., 1973), radish, sugar beet (Perry, 1981), 
cauliflower, onion and leek (Finch-Savage, 1986). These studies have established a strong 
correlation between radicle growth and the vigor level of a seed lot (Bingham et al., 1994).  
Woodstock (1969) concluded that seedling growth rate is a sensitive measure of seed vigor, 
but is difficult to incorporate in routine vigor testing because it is too labor intensive to 
periodically evaluate seedling growth over time.  
The fundamental relationship between germination and seedling growth rates as they 
relate to seed vigor have not been studied in detail because of the limitations on accurately 
and repeatedly evaluating these parameters. Using computer-aided digital imaging of seed 
germination has overcome some of these limitations for evaluating seed germination 
(McDonald et al., 2001). A process for non-destructive, repeated measurements of individual 
seeds (seedlings) would enhance the ability to study these two measures of germination. 
Therefore, the objective of this research was to develop a sequential imagery system to 
accurately evaluate seed germination and seedling growth on an individual seed basis. 
Sequential imagery was used to evaluate the relationship between germination and seedling 
growth rate on a population and individual seed basis in untreated, primed and aged 
impatiens seeds.  
 
Materials and methods 
Seed source and aging  
Untreated and primed Impatiens (Impatiens wallerana  cv.  Impact White) seeds from 
Sakata Seeds America (Morgan Hill, CA) were placed in airtight plastic containers on receipt 
and stored at 4°C. A portion of the untreated and primed seed lots were aged for 6 months by 
placing them in closed containers at 25oC. 
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Sequential imaging 
Nine seeds were sown into 4 replicate 6-cm diameter Petri dishes containing one 
piece of sterile transparent cellulose acetate film wetted with 1ml of sterile water (Oakley et 
al., 2004). Petri dishes were sealed with Parafilm and placed in a single germination chamber 
held at a constant 25°C at 80 µmol·s-1·m-2 from cool-white fluorescent lamps. After 48 hr, 
dishes were placed on a HP Scanjet 5370 C flat bed scanner with transparency adapter 
(Hewlett Packard, Palo Alto, CA) inside the growth chamber. The flat bed scanner was 
interfaced with a personal computer using Windows 98SE (Microsoft, Seattle, WA) 
operating system. A Visual Basic macro (Table 2.1) in SigmaScan Pro (SPSS, Chicago, IL) 
captured images (300 dpi, 118 dots per cm, color TIFF file format) every hour for 5 days. 
Germination rate was determined by examining each sequential image in SigmaScan 
Pro for visible radicle (hypocotyl) protrusion. Germination rate calculated on a population 
basis was the number of hours to observed radicle protrusion for 50% of the germinating 
population (T50) or mean germination time (MGT) as the hours to observed radicle protrusion 
divided by the number of germinating seeds. Germination rate for individual seeds was the 
observed time (hours) to radicle protrusion. 
Seedling growth was determined by evaluating images using SigmaScan Pro’s trace 
function. Using the mouse, a linear overlay was traced for the length of the emerging 
hypocotyl and radicle. Cumulative length in pixels was converted to mm using a standard 
calibration image. Growth rate was calculated as the slope of the linear regression of seedling 
length measured every 4 hr for 24 hr after initiation of radicle protrusion for germinated 
seedlings. Similarly, a single length measurement was taken 6 days after imbibition.  
 
Results  
Prior to storage there were significant difference between untreated and primed seeds 
for germination rate, seedling growth rate and length after 6 days, but no difference in 
germination percentage (Table 2.2). Aging had a major effect on all measures of seed lot 
quality and both untreated and primed seeds behaved in a similar pattern during storage 
(Table 2.2). After 6 months in storage, germination percentage was reduced to a greater 
degree in primed compared to untreated seeds, while germination rate, growth rate, length 
after 6 days were not different.  
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There was a significant linear relationship between germination rate (T50, MGT or 
individual seed rate) and seedling growth (rate and size after 6 days) when all data from 
untreated, primed and aged seed lots were compared (Fig. 2.1; 2.2). There was a significant 
but low correlation between germination rate calculated for individual seeds and growth rates 
for aged seeds (Table 2.3; Fig. 2.3). For non-aged seeds, there was no relationship between 
time to radicle protrusion and subsequent seedling growth rate (Fig. 2.3) and no relationship 
for any seed lot for seedling size after 6 days (Fig. 2.4).  
 
Discussion 
As untreated and primed seeds were aged, germination percentage was negatively 
correlated with germination rate and positively correlated with seedling growth (Table 2.2). 
This relationship has been observed in several small-seeded crops including carrot (Daucus 
carota L.) and lettuce (Lactuca sativa L.) (Gray, 1984; Hacisalihoglu et al., 1999).  
Additionally, in high germinating seed lots, germination rate has been used to 
evaluate germination enhancement in primed seeds and as an indicator of seed vigor (Dell 
Aquila, 1987; Hacisalihoglu et al., 1999).  Similarly, seedling growth rate has been used as a 
measure of seed vigor (Finch-Savage, 1986; Woodstock, 1969). Both were equally effective 
as indicators of seed vigor in impatiens (Table 2.2; Oakley et al., 2004). Since, germination 
rate and seedling growth were effective in describing seed vigor, it was expected that they 
would be correlated measurements. There was a significant trend between these measures 
across all seed lots calculated on a population and individual seed basis (Fig. 2.1, 2.2).  This 
relationship has also been observed in primed and aged wheat (Triticum durum L.) seeds 
where there was a positive correlation between MGT and seedling length after 4 days (Dell 
Aquila,1987). In contrast, brief prehydration times have also resulted in no changes in 
germination percentage and germination rate, but have shown increases in seedling growth 
(Tarquis and Bradford, 1992).  
It was expected based on the overall trends observed in Figures 2.1 and 2.2 that those 
seeds that were fastest to germinate would also display fast seedling growth. However, there 
was a weak relationship between germination rate and seedling growth for aged seeds and no 
such relationship for untreated and primed seeds prior to storage (Fig. 2.3, 2.4). For example, 
 18
in the untreated seed lot, seeds that germinated after 55 hours had the same growth rate as 
seeds that germinated after 90 hours.  
The early seedling growth rate from the time of germination was linear in impatiens 
(Oakley et al., 2004), which indicated that measuring seedling size after a predetermined time 
incorporates both aspects of germination rate and growth rate. However, similar to growth 
rate after germination, seedling size after 6 days did not correlate with germination on an 
individual seed basis (Fig. 2.4).  
Therefore, the relationship observed between germination rate and seedling growth in 
relation to seed vigor observed in other studies (Dell Aquila, 1987; Hill et al., 1989) and in 
the current study based on the behavior of seed populations appears to have masked the lack 
of correlation on an individual seed basis. Variation among seeds in a population reflects 
variation among seeds in the rate or extents of physiological or biochemical processes prior 
to radicle emergence. In a system that measured enzyme activity in individual tomato seeds, 
Still and Bradford (1997) observed a large variation in enzyme activity between seeds that 
was not previously observed from pooled seed extracts. The biochemical differences amongst 
individual seeds prior to radicle emergence indicated that results from bulk samples could be 
misleading if it is assumed that all seeds exhibit the average behavior. These studies point out 
that changes observed in seed populations may not reflect the range of changes occurring on 
a single seed basis.  
On an individual seed basis, germination rate and seedling growth rate appear to be 
measuring different aspects of vigor. Germination rate is a function of the ability of the 
radicle to penetrate its surrounding seed coverings. The time required to germinate is thought 
to be a function of the force generated by the embryo (termed the growth potential) and a 
reduction in the physical strength of the surrounding seed coverings (Welbaum et al., 1998). 
One way to describe the difference in growth potential of a seed lot is on the base water 
potential required for radicle protrusion (Bradford, 1990). The time to radicle protrusion 
within a seed population is normally distributed as are the base water potentials. Priming has 
been shown to both reduce the base water potential and reduce the strength of the 
surrounding seed coverings. 
Seedling growth rate following radicle protrusion describes seed vigor because 
vigorous seeds are able to synthesize new materials and rapidly transfer these new products 
 19
to the emerging embryonic axis, resulting in increased seedling dry weight accumulation 
(Copeland and McDonald, 2001).  
The lack of correlation between germination rate and seedling growth on an 
individual basis brings into question whether a technique that could separate early and late 
germinating seedlings would be useful for establishing faster growing seedlings. Finch-
Savage (1986) followed seedling growth on a slant board from seed populations germinating 
over a six day period for several vegetable species. He did not see any significant differences 
in seedling growth related to germination rate for the majority of the seeds within the seed 
lot, which germinated in the first three or four days. However, in the small percentage of 
seeds that completed germination late, there was a reduction in seedling growth.  His 
conclusion was that selecting early germinating seeds would not dramatically alter 
subsequent seedling growth or stand density, because only a small percentage of seeds were 
in the late germinating population that also showed slower seedling growth. Therefore, initial 
seed size, rather than time to radicle emergence, may be better correlated with seedling 
growth as suggested by density separation (Hill et al., 1989) and seed sizing studies (Smith et 
al., 1973). 
The ability to see differences at the individual seed level was possible because of the 
development of a sequential imaging system. Other systems have been developed to observe 
sequential images during germination including time sequence photography (Tomas et al., 
1992) and machine vision using a charged coupled device (CCD) camera integrated with a 
personal computer (Dell‘Aquila et al., 2000).  Using sequential images to study imbibition in 
cabbage (Brassica oleracea L.) seeds, the variation between individual seeds for rates of 
imbibition and time to complete germination are clearly observed (Dell’Aquila et al., 2000). 
The advantages of using a flat bed scanner over a CCD camera were pointed out previously 
(Geneve and Kester, 2001) and include cost, availability of commercial software, high 
resolution of small seeds, and no need to remove the lid on Petri dishes to account for water 
condensation. The current study furthers the utility of this simple system by the development 
of a sequential imaging process that allows for samples to be collected hourly without 
technician input. This permits very accurate determinations of germination rate and seedling 
growth on a single seed basis. 
© Manjul Dutt 2004 
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Table 2.1. The Visual Basic macro code used within SigmaScan Pro to communicate with the 
scanner and capture images every hour for 5 days. 
 
Sub Main 
Dim App As Object 
Dim Name As String 
 Name = InputBox("enter experiment name", "expt name", "impatiens") 
 Duration = InputBox("enter number of scans", "scan number", "120") 
 Interval = InputBox("enter seconds between scans", "seconds", "3000") 
AppActivate ("HP PrecisionScan Pro") 
For I = 1 To Duration 
 Imagename = Name + I + ".tif" 
 Debug.Print Imagename 
 Debug.Print Time 
 SendKeys "%S" 
 SendKeys "I" 
 SendKeys "^S" 
 SendKeys Imagename 
 SendKeys "~" 
 Wait 600  
 SendKeys "%S" 
 SendKeys "G" 
  Wait Interval 
 Next I 
End Sub
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 Table 2.2: The relationship between germination rate and various measures of seedling 
growth rate in an impatiens seed lot that was primed or aged. 
 
 
 
Seed lot 
 
Germination 
percentage 
 
Germination 
rate 
 T50
 
Germination 
rate 
MGT 
 
Growth rate 
(mm·h-1) 
 
Length  
(mm after 6-d) 
 
Untreated
Non-aged 
Aged 3 months 
Aged 6 months 
Primed
Non-aged 
Aged 3 months 
Aged 6 months 
 
 
 
97.5±2.5az
88.9±6.4a 
69.5±8.3b 
 
100±0.0a 
74±2.8b 
42±3.2c 
 
 
64.0±0.8b 
70.0±1.2b 
83.0±4.2a 
 
53.0±1.7c 
63.0±1.3b 
91.0±1.3a 
 
 
 
65.1±1.4b 
75.5±1.8a 
84.2±4.5a 
 
53.0±1.9c 
62.6±1.1b 
92.0±2.0a 
 
 
0.058±0.003a 
0.047±0.003b 
0.034±0.003c 
 
0.082±0.001a 
0.063±0.001b 
0.044±0.004c 
 
 
 
12.3±1.6a 
  8.3±1.9b 
  5.4±0.6b 
 
14.5±0.8a 
10.3±0.8b 
  4.9±1.5c 
 
 
ANOVA 
 
F-value  
 
 Priming 
 Aging 
 Primed x aging 
Untreated vs. primed 
 Non-aged 
 Aged 3 months 
 Aged 6 months 
 
6.6* 
70.4** 
6.8** 
 
1.0 ns 
0.2 ns
16.2** 
 
4.1* 
98.9** 
11.8 ns
 
45.3** 
16.3** 
3.1 ns
 
8.7** 
76.7** 
12.1** 
 
27.4** 
35.7** 
2.5 ns
 
43.9** 
61.2** 
3.6 ns
 
48.3** 
22.2** 
2.2 ns
 
1.5 ns
21.6** 
0.7 ns
 
1.5 ns
0.9 ns 
0.1 ns
 
zmeans ± standard error within untreated or primed seeds followed by the same letter 
were not different at α = 0.05 using Tukey’s test. 
ns, *,**, were non-significant, or significant at P ≤ 0.05, or 0.01, respectively.  
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Figure 2.1. Seedling growth rate calculated over the first 24 hours following radicle 
protrusion regressed against the time from imbibition to radicle protrusion (T50, MGT or 
individual seed) for non-aged untreated, non-aged primed and aged (3 and 6 months) 
untreated impatiens seed lots.  
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Figure 2.2. Seedling growth after 6 days following imbibition regressed against the time 
from imbibition to radicle protrusion (T50, MGT or individual seed) for non-aged 
untreated, non-aged primed and aged (3 and 6 months) untreated impatiens seed lots.  
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Figure 2.3: Seedling growth rate calculated over the first 24 hours following radicle 
protrusion regressed against the time from imbibition to radicle protrusion for each 
individual seeds in untreated, primed and aged impatiens seed lots. 
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Figure 2.4: Seedling growth after 6 days following imbibition regressed against the time 
from imbibition to radicle protrusion for each individual seeds in untreated, primed and 
aged impatiens seed lots. 
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Chapter Three 
 
Using sequential imagery to evaluate the relationship between germination rate and 
seedling growth rate in impatiens seeds 
 
 
Introduction 
The duration of vitality is one of the most important phenomenon of plant life. 
The maximum time that seeds can remain viable is of much interest to agriculture.  Some 
of the more important factors that influence seed longevity are humidity, moisture and 
temperature during storage. The physical condition of the seeds also greatly influence the 
seed longevity. Damaged seeds deteriorate more rapidly than undamaged seeds 
(McDonald, 1985; Priestley, 1986). Environmental stresses like water stress (Haferkamp 
et al., 1953) and temperature extremes (Justice and Bass, 1978) during seed development, 
especially before physiological maturity can lead to reduced seed longevity. Immature 
seeds also do not store well compared to fully mature seeds (Wein and Kueneman, 1981) 
The longevity of a particular seed is a function of the storage conditions under 
which it was kept rather than its actual age (Barton, 1961). Thus the effects of aging on 
seeds vary from slight impairment of metabolic activity, reduced seedling growth and 
decreased seed germination percentage to death (Ching, 1972).  Aging in seeds is a 
gradual process, which exerts its affects through chemical degradation, i.e. auto 
oxidation, spontaneous hydrolysis etc. This chemical degradation, if extensive, leads to 
biochemical incompetence and reduced germination. Thus, germination and growth 
require a delicately balanced and precisely timed cooperation in all systems in seeds. An 
imbalance leads to reduced synthetic activity and thus reduced growth rate. Therefore, the 
first signs of seed deterioration are usually manifested by a loss of seed vigor. Seed vigor 
is a quantitative term encompassing the sum total of those properties of the seed which 
determine the potential level of activity and performance of the seed or seed lot during 
germination and seedling emergence (Perry, 1978). Amongst the properties of vigorous 
seeds are rapid and uniform germination, and both the rate and uniformity of germination 
decline as seeds deteriorate (Heydecker, 1972).  
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The rate of seed deterioration is influenced by environmental and biological 
factors. Environmentally, high temperature during storage increases seed deterioration as 
does high seed moisture content. The interaction of the two is however, greater than the 
sum so they may interact and cause seed deterioration synergistically. Also seed 
deterioration is an individual event, and at any given time in storage, seed deterioration is 
more extensive in some seeds than others. An analytical procedure that looks at bulk seed 
samples and reports a single result, suggesting that it is representative of the population 
of seeds, makes it difficult to distinguish the cause and effect of seed deterioration within 
a seed population (McDonald, 1999). 
Seed vitality denotes the degree to which a seed is vigorous, metabolically active 
and possesses enzymes capable of catalyzing metabolic reactions needed for germination 
and seedling growth (Copeland and McDonald, 2001). This is measured using the 
germination test. However a seed can be alive and yet have decreases in vigor sufficient 
to make it unsuitable for planting. By definition, germination is scaleless. A seed is 
considered either germinable or not. There are no distinctions provided for week or 
strong seedlings. Thus the viability test could indicate a high germination percent 
although the seeds may be weak and delayed in emergence. The concept of seed vigor is 
closely associated with seed aging and deterioration i.e. seed vigor generally declines 
prior to the loss of viability as seeds age. A sensitive indicator of seed vigor is the rate of 
germination, or the time required from imbibition to radicle emergence (Bradford et al., 
1993). The rate of germination slows as seeds age, most likely reflecting an extended 
Phase II of imbibition required for repair of accumulated damage prior to the initiation of 
growth. 
Seed vigor can be used as part of models to predict seed deterioration in storage 
(Roberts 1973, 1986). Probit viability loss curves have been used to quantify seed 
longevity with respect to initial seed quality and the storage environment .The Ellis-
Roberts seed viability equation (Roberts and Ellis, 1989) is the most widely accepted 
method to quantify seed longevity in relation to storage conditions. Further modifications 
to the viability model have been described to extend the results to seed germination rates 
(Bradford et al., 1993) and to account for variation in initial viability among seed lots 
(Mead and Gray, 1999). 
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The objective of this chapter is to observe the relationship between seed 
deterioration in storage and two measures of seed vigor (germination rate and seedling 
growth) in untreated and primed seeds. 
 
Materials and methods 
Seed source and aging 
 Untreated and primed Impatiens (Impatiens wallerana cv.  Impact White) seeds 
were obtained from Sakata Seeds America (Morgan Hill, CA). Five hundred untreated 
and primed seed lots were aged for 6 months by placing them in airtight plastic 
containers at 4 or 25 oC. Initial and final seed moisture content was determined using the 
hot air oven method (ISTA, 1993). Seeds were evaluated on a monthly basis for 
germination percentage and seed vigor.  
 
Seed vigor assessment 
Four 6 cm diameter Petri dishes each containing 9 impatiens seeds were sealed 
with Parafilm. The Petri dishes contained one piece of sterile transparent cellulose acetate 
film (Oakley et al., 2004) which was wetted with 1ml of sterile water. The dishes were 
placed in the flat bed scanner (HP Scanjet 5370 C with transparency adapter) placed in a 
growth chamber at a constant 25 °C at 80 µmol·s-1·m-2 from cool-white fluorescent 
lamps. The transparency adapter was placed on top of the Petri dishes and scans initiated 
after 48 hours of incubation. Images were scanned every hour and saved as 300 dpi tiff 
files as described in Chapter 2. The time to radicle (hypocotyl) protrusion and seedling 
growth were measured for 5 days. Germination rate was measured as the time required 
for 50 % of germinating seeds to complete radicle protrusion. Seedling growth rate was 
calculated as the linear regression of seedling length for 28 hours following completion 
of germination for each seedling. Total seedling length was measured 6 days after 
imbibition for those seeds completing germination. 
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Cotyledon surface area 
Seedlings emergence was evaluated using a modified Ball Vigor Index system 
(Conrad, 1999). Seeds were sown into Metromix plug mix (Scotts-Sierra Horticultural 
Products, Marysville, OH) in modified 288 plug flats cut to contain 25 cells.  Four 
modified plug flats were used per treatment. Trays were placed in the growth chamber at 
25 ± 2OC with a 16 hour photoperiod at 80 µmol·s-1·m-2 from cool-white fluorescent 
lamps. After 12 days, seedlings were imaged using a Canon D30 digital camera with a 
100 mm lens fixed 65 centimeters above the seedling flat. Cotyledon surface area was 
calculated in SigmaScan Pro by creating an overlay with a threshold value of 250 that 
identified the green cotyledons from the background. Surface area (measured in pixels 
and converted to cm2) was calculated for the entire 25 cell plug flat regardless of the 
number of seedlings emerged. 
 
Results 
The seeds were evaluated for seed moisture content using the hot air oven method 
(ISTA, 1993).  The final seed moisture at the end of the evaluation period remained 
within acceptable levels (Table 3.1) with a maximum moisture content difference of 3.5 
percent in the various seed lots.  
All the seedlots showed a reduction in the germination percentage with increased 
storage time (Table 3.2). The germination percentage decreased from 97% to 75% in 
untreated seeds stored at 4OC and from 97% to 64% in seeds stored at 25OC. In the 
primed seed lots, germination percentage decreased from 100% to 78% after 6 months 
stored at 4OC, while it was more drastic in the lot kept at 25OC (from 100% to 42% after 
6 months). Statistically both storage temperature and time to aging had a significant 
effect at P≤ 0.01 on the germination percentage while priming did not. None of the 
interactions (priming with storage temp; priming with aging time; storage 
temperaturewith aging time or priming with storage temperaturewith aging time) had any 
significant effect (Table 3.3). 
The germination rate did not decrease with increase in aging time in the untreated 
seed stored at 4OC (Table 3.2). However under similar storage conditions germination 
rate did decrease in the primed seed lot from 58 initially to 72 hours after 6 months. In 
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seeds stored at 25OC, germination rate decreased significantly. The rate declined from 65 
hours to 84 hours at the end of the observational time in the untreated seeds, and from 54 
hours to 91 hours in the primed seed lot.  Statistically (Table 3.3) aging time was 
significant at P≤ 0.01, while storage temperature was significant at P≤ 0.05. The other 
main factor (priming) was not significant. Also priming coupled with aging time had a 
significant effect as did storage time with aging time and the priming, storage time and 
aging time interaction (at P≤ 0.01). Priming and storage time interaction was not 
statistically significant. 
Growth rate decreased as the storage time increased in all seed lots (Table 3.2). 
Statistically (Table 3.3) all the main effects like priming, storage temperature as well as 
aging time had a significant effect on the growth rate. All the interaction effects were 
significant either at P≤ 0.05 or P≤ 0.01, except for the interaction of priming, storage 
temperature and aging time. 
Length after 6 days also decreased with increasing aging time in all the seedlots 
(Table 3.2). Statistically (Table 3.3) aging time and storage temperatures were significant 
at P≤ 0.05. The other factors were all not significant.  
The cotyledon area has been used as a measure of vigor as it indirectly provides 
an idea on the vigor of the seed as it emerges from the soil. In this study cotyledon area 
declined with increasing storage time in all the seed lots (Table 3.2). It correlated well 
(Table 3.3) with the storage temperature and aging time and both were significant at P≤ 
0.01. However, priming did not have a significant effect on the cotyledon area, and 
primed and untreated seeds were statistically similar. Priming with aging time 
interactions were significant at P≤ 0.05 while storage temperature with aging time 
interactions were significant at P≤ 0.01. The other interactions were all not significant. 
The germination percent, germination rate as well as the growth rate showed a 
steady decline with increase in storage time (Fig 3.1) in both untreated and primed seed 
lots. 
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Discussion 
Harrington (1972) suggested two “rules of thumb” for optimum seed storage. (1) 
each 1% reduction in seed moisture doubles the life of the seed and (2) each 5OC 
reduction in seed moisture doubles the life of the seed. This rule held true between 5 and 
14 % seed moisture and 0 to 50OC. Also high relative humidity is known to increase seed 
moisture content, which results in biochemical activities such as increased hydrolytic 
enzyme activity, enhanced respiration, and increases of free fatty acids. High temperature 
also serves to enhance the rate at which many enzymatic and metabolic reactions occur, 
causing a more rapid rate of deterioration (Copeland and McDonald, 2001). 
 Seed moisture content is however considered the most critical factor in 
maintaining seed longevity. Thus a combination of high moisture levels in the seed 
coupled with high temperature in the environment hastens the deterioration by increasing 
the metabolic activity of enzymes. Seeds in this study were stored at both 4OC and 25OC. 
All the seed lots were stored in identical containers for the study. Every seed lot showed 
an increase in moisture content, which was highest in primed seeds which had been 
stored at 25OC. It is safe to assume that this would have caused deterioration to take place 
in the seed. The increased moisture content, probably resulted in the decreased 
germination percentage (Table 3.2). McDonald (1998) outlines several current theories 
regarding seed deterioration including membrane degradation and lipid peroxidation.  
Matthews and Powell (1986) found that age was the primary cause of low quality 
in small seeded vegetable crops.  Symptoms included slow rate of germination and small, 
abnomal seedlings. During seed storage, the vigor of a seed lot is reduced prior to seed 
viability as indicated by standard germination tests (Hampton and TeKrony, 1995). 
Therefore, the environmental conditions during seed storage and the length of time in 
storage are major factors affecting seed vigor in stored seed lots. In all the seed lots 
germination percentage decreased with increased storage time which was more drastic in 
the primed seed lot (100% to 42% over 6 months). This proved that all the seed lots, 
irrespective of storage conditions, deteriorated. Hacisalihoglu et al., (1999) reported that 
in lettuce seeds, primed seeds aged faster than non primed seeds under the same aging 
conditions. Both storage temperatures and time had a significant effect on the 
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deterioration process. Priming seeds or not did not play a statistically significant role in 
the decreased germination percentage. 
Seed vigor, temperature and other environmental factors play a role in affecting 
the speed of germination indirectly by deteriorating the seeds. Lim and Jeong (2001) 
experimented on the effect of temperature on seed germination of Petunia hybrida cv. 
Rose Madness and Sinningia speciosa cv. Brocade Red. Temperatures used were 23, 25 
and 27°C for petunia, and 19, 21 and 23°C for gloxinia. For petunia  T50 was minimal at 
27°C and for gloxinia T50 was minimal at 23°C. They observed T50 was lowered to 12 
days compared to 21 days in the untreated seeds. Primed seeds were more susceptible to 
deterioration than the untreated seeds, even at 4OC. Argelich et al., (1989) found that 4OC 
storage of primed seeds of tomato did not affect either viability or germination. However, 
on storage at 30OC, primed seeds lost viability much faster than control, which affected 
the germination rate. They concluded that enhancement of seed germination rates by 
priming treatments simultaneously lowers the resistance of seeds to deterioration. Primed 
tomato seeds, according to them were considered to be vigorous seeds with a reduced 
storage life. Germination rate decreased significantly in both seedlots stored under room 
temperature conditions. Aging time was statistically significant at P≤ 0.01. The 
interactions of aging time with the other two factors under consideration: priming and 
storage temperature were also statistically significant. Thus germination rate gave a direct 
relation to the aging time. With increases in aging time, seeds had an decreased 
germination rate. This can be correlated to seed vigor, as deteriorating seeds respire and 
various physiochemical developments occur leading to decreased seed vigor and 
subsequent decreased germinability. Carpenter and Ostmark (1992) evaluated the storage 
and germination environments to determine the cause of low total germination 
percentages and highly irregular germination of Coreopsis lanceolata seed.  They 
observed that T50 occurred after 10 days following 5-6 months of storage at 5° and 10-
20% RH or 15° and 10-40% RH, with longer periods to T50 at other storage durations and 
RH levels. In Phlox drummondii the number of days to T50 decreased as constant 
germination temperature rose from 10 to 20°. Also storage at 15 or 25° increased the T50 
as compared to seeds stored at 50 (Carpenter et al., 1993). 
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The seedling growth rate test involves a measurement of seedling growth over 
time (Conrad, 1999). Under this test, seeds are germinated according to the standard 
germination test. This test is based on the concept that vigorous seeds are able to 
synthesize new materials and rapidly transfer these new products to the emerging 
embryonic axis, resulting in increased dry weight accumulation (Copeland and 
McDonald, 2001). At the end of the germination period, seedling growth is measured. 
This test is a destructive test and involves physical handling of the growing seedling. 
Also evaluation of radicle length by hand can introduce analyst error in measuring radicle 
length. Digital imaging offers non destructive analysis of germination and the imaging 
technique developed by Geneve and Kester (2001) was used to record growth rate.  
Unlike the germination rate, all three factors under study: priming; storage 
temperature; and aging time had a significant effect on the growth rate at P≤ 0.01. All the 
interaction effects were also statistically significant.  
Root lengths have been measured by various researchers using computer aided 
imaging (Dowdy, Nater and Dolan, 1995; Rasband and Bright, 1995). Bingham et al., 
(1994) have used solution cultures to measure radicle lengths. The radicle length is 
important in seed vigor studies as numerous studies have indicated that ageing reduces 
the rate of early radicle elongation (Anderson, 1970, Berjak and Villers, 1972; Styer et al, 
1980). Ellis and Filho(1992) reported that many components of seed quality influence 
seedling establishment principally through effects on the rate and final extent of 
germination. In this study, length after 6 days decreased with increasing aging time in all 
the seed lots and was statistically significant at P≤ 0.05. This could be indirectly corelated 
to the decrease in vigor in the seed lot. Vigorous seeds germinate faster than ones with a 
lower vigor. Also the radicle is able to increase in length more over a given period of 
time than radicles from aged seeds, which emerge later and do not increase at a similar 
rate as normal seeds.  
Natural variation in seed quality had no effect on the rate of cotyledon expansion 
in onion (Wheeler and Ellis, 1992). Abnormal seeds do not have as large a cotyledon area 
as do normal seedlings. Thus cotyledon area can be used as an indirect measure of 
evaluating the vigor of seeds. The Ball Seed Vigor Index is based on the estimation of 
cotyledon area measurement (Conrad, 1997). The delayed emergence of the seedling due 
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to lower vigor can cause overall decreased cotyledon area measurements. The process 
and symptoms of aging continued until seed death and were attributed to the delay of 
reestablishment of embryonic metabolic activity (Berjak and Villiers, 1972). Cotyledon 
area correlated well with storage temperature and aging time as both had significant 
effects at P≤ 0.01.  
 During seed storage, the vigor of a seed lot is reduced prior to seed viability as 
indicated by standard germination (Hampton and TeKrony, 1995). It can be seen in Fig 
3.1 that the vigor of both the untreated as well as the primed seed lots recorded a steady 
decline as storage time in months increased. However, corresponding seed viability as 
measured by the germination percentage did not show similar trends in decline. This 
showed that in the seed lots, vigor declined at a much faster rate than the viability of the 
seed lot.   Primed seed lots had a faster rate of decline in the germination percentage than 
the untreated seeds. It can be concluded that environmental conditions during seed 
storage and the length of time in storage are major factors affecting seed vigor in stored 
seed lots. This also does not corroborate with the trend in decline in the seed viability. 
Thus seed vigor and seed viability measures two different parameters of seed 
deterioration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Manjul Dutt 2004 
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Table 3.1: Average impatiens seed moisture content on a dry weight basis as determined 
by the over drying method. Initial weights were calculated before the start of the 
experiment and final weights were taken after 6 months of observation. 
 
 
 
 
Moisture 
content (%) 
 
Untreated 
(4OC) 
 
Untreated 
(25OC) 
 
Primed   
(4OC) 
 
Primed 
(25OC) 
 
Initial 
 
7.83 
 
7.83 
 
8.12 
 
8.12 
Final  9.20 9.41 8.50 11.70 
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Table 3.2: Impact of aging on germination percentage and vigor measurements in 
impatiens seeds. 
 
Seed lot 
 
Storage 
(OC) 
 
Aging 
(month) 
 
Germination 
percentage 
 
Germination 
rate (T50) 
 
Growth rate 
(mm·hr-1) 
 
Length after 
6-days 
(mm) 
 
Cotyledon 
area (mm2) 
 
        
Untreated 4 0 97.2±2.8az 64.0±0.8b 0.058±0.003b 12.3±1.6a 27.2±0.9a 
  1 94.4±5.5a 64.5±2.6b 0.056±0.002b 10.5±2.3ab 26.8±0.4ab 
  2 100.0±0a 67.5±1.3a 0.051±0.004c 13.1±2.1a 26.6±0.9b 
  3 97.2±2.8a 66.0±2.4a 0.066±0.005a 12.3±2.6a 24.1±1.0c 
  4 86.1±2.8b 61.5±0.9c 0.048±0.004cd 10.5±1.9ab 23.7±0.3c 
  5 83.3±3.2b 62.0±1.4c 0.042±0.002de  8.1±1.1b 22.3±0.7d 
  6 75.0±6.9c 60.0±0.8c 0.038±0.003e 7.6±0.8b 19.2±0.7e 
 25 0 97.2±2.8a 64.0±0.8d 0.058±0.003a 12.3±1.6a 27.2±0.9a 
  1 97.2±2.8a 61.0±1.0d 0.054±0.001a 12.6±0.6a 20.6±1.5b 
  2 80.6±5.3b 59.5±0.5d 0.058±0.005a 8.4±1.5b 21.4±0.6b 
  3 77.8±6.4bc 70.0±1.2c 0.047±0.003b 8.3±1.9b 18.5±0.7c 
  4 69.4±5.3c 78.0±2.2b 0.049±0.003b 8.7±0.2b 13.1±1.4d 
  5 69.4±6.9c 81.0±1.9b 0.032±0.003c 6.7±1.2c 10.8±1.9d 
  6 63.9±5.3c 83.0±4.2a 0.034±0.003c 5.4±0.6c 8.8±1.8e 
Primed 4 0 100.0±0a 53.5±1.0e 0.082±0.001a 14.5±0.8a 23.5±0.1a 
  1 100.0±0a 56.5±1.3e 0.085±0.002a 13.2±1.5ab 20.5±0.3b 
  2 100.0±0a 58.5±0.9cd 0.080±0.004a 13.6±0.8ab 20.1±0.6b 
  3 94.4±3.2a 61.0±1.0c 0.081±0.002a 12.2±1.1b 19.6±0.7bc 
  4 83.3±5.6b 59.0±0.6cd 0.062±0.002b 9.0±0.8c 19.5±0.2c 
  5 80.6±5.3b 70.5±4.5b 0.053±0.004c 8.3±1.2c 17.9±0.6d 
  6 77.8±4.5b 75.0±2.4a 0.056±0.002c 7.1±0.8c 18.3±0.6d 
 25 0 100.0±0a 53.5±1.0e 0.082±0.001a 14.5±0.9a 23.5±0.1a 
  1 91.6±5.3a 61.0±1.9d 0.076±0.003b 11.6±0.7b 18.1±2.0b 
  2 88.9±4.5b 60.0±0.8d 0.069±0.003c 11.1±0.9b 14.3±0.8c 
  3 75.0±2.8c 62.5±1.5cd 0.063±0.001c 10.3±0.8b 10.8±1.2d 
  4 63.9±2.8cd 66.0±2.7c 0.047±0.005d 7.0±1.0c 8.2±0.5e 
  5 55.6±4.5d 73.0±5.7b 0.041±0.004d 5.5±0.4cd 6.5±0.6ef 
  6 38.9±3.2e 91.0±1.7a 0.042±0.004d 4.9±1.2d 6.1±0.2f 
zmeans ± standard error within untreated or primed seeds followed by the same letter 
were not different at α = 0.05 using Tukey’s test. 
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 Table 3.3. Analysis of variance with main and interaction effects for priming, storage, 
aging time for the various growth parameters in different impatiens seed lots aged for 6 
months. 
 
 P-values 
  
Germination 
percentage 
 
Germination 
rate (T50) 
 
Growth 
rate 
 
Length after 
6-days 
 
Cotyledon 
area 
 
Main effects      
Priming (P)  0.6ns 2.3ns 186.2** 0.7ns 23.3*
Storage temperature (S) 64.4** 21.3* 39.1** 16.5** 61.8** 
Aging time (A) 
  
40.6** 
 
38.9** 57.6** 12.9** 100.8** 
Interaction effects      
 P x S 0.2ns 0.4ns 9.8* 1.1ns 0.06ns
 P x A 1.2ns 9.6** 5.3* 0.1ns 3.1*
 S x A 3.3ns 23.4** 3.7* 1.2ns 24.8** 
 P x S x A 1.0ns 6.1** 1.4ns 0.6ns 1.58ns
 
ns,*,** Nonsignificant or significant at P≤ 0.05, 0.01 respectively. 
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  Figure 3.1: The relationship between germination percentage, germination rate, and 
seedling growth rate in untreated (A) and primed (B) seeds stored for 6 months at 25oC. 
Correlation r2 were between 0.85 and 0.99 for quadratic equations. 
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Chapter Four 
 
Use of computer imaging to evaluate the initial stages of germination in woody tree 
seeds 
 
Introduction 
 
Seed germination begins with the initiation of water uptake by the dry seed and 
ends with the protrusion of the radicle from the fully imbibed seed. Measurement of 
initial water uptake is usually by measuring fresh weight gain, which is laborious and 
requires physical handling of each seed. Such techniques require pooling of seeds to 
make different samples to estimate average values and submit to statistical analysis. 
These methods do not record growth performance and variation on an individual seed 
basis. Dell Aquilla et al., (2000) and McCormac et al., (1990) have described image 
analysis systems to monitor the imbibition in cabbage and cauliflower seeds. Such 
techniques, though useful, require the setup of sophisticated and expensive equipment.  
 Several methods have been used to capture germinating seed images including 
video and still cameras (Dell Aquila et al., 2000; Tomas et al., 1992) or flat bed scanners 
(Geneve and Kester 2001; McDonald et al., 2001). Video and still camera usage is 
relatively expensive and requires specialized lighting and camera equipment. Flat bed 
scanners allows for economical and high quality digitization of seed images (McDonald 
et al., 2001).  
Here, the imaging techniques using a flat bed scanner as developed by Geneve 
and Kester (2001) were used to evaluate seed dormancy release in two woody legume 
species with different dormancy types. Honeylocust (Gleditsia triacanthos L.) seeds have 
physical dormancy and require scarification to allow imbibition. The computer-aided 
system could document initial water uptake in seeds following physical or acid 
scarification. Eastern redbud (Cercis canadensis L.) seeds have physiological dormancy 
and require chilling stratification. In this case, radicle growth in excised embryos is an 
indicator of release from dormancy following chilling. Therefore, radicle length was 
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measured on an hourly basis in non-chilled and chilled seeds to determine specific 
growth rates.   
Material and Methods 
Honeylocust seeds were acid scarified for thirty or sixty minutes in concentrated 
H2SO4 or physically scarified by nicking the center or top (chalazal end) of the seed using 
a file. Water uptake was monitored over the first 45 hours as an increase in seed size.  
Redbud seeds were treated with concentrated H2SO4 for thirty minutes and stratified at 
4OC for four weeks. Non-stratified seeds were acid scarified and fully imbibed (48 
hours), but did not receive chilling. Embryos were surgically removed from non-stratified 
and stratified redbud seeds and evaluated for radicle elongation for 115 or 70 hours, 
respectively. 
Two honeylocust seeds or four redbud embryos were placed in replicate 6 cm 
diameter plastic Petri dishes containing one piece of transparent cellulose film (Celorey-
PUT, Cydsa Monterrey, Mexico). Honeylocust seeds were surface sterilized in 10 % 
Clorox solution for 10 minutes and washed in distilled water before being placed in a 
Petri dish containing 2 ml of distilled water. Petri dishes were sealed with Parafilm and 
placed on a flat bed scanner (HP Scanjet 5370 C with transparency adapter). The scanner 
was controlled using a SigmaScan Pro 5.0 for Windows (SPPC Science, Chicago, IL) 
macro written in Visual Basic that allowed for timed interval scans. For this experiment, 
scans were taken at hourly intervals. Gray scale images (stored as 200 dpi, tiff files) were 
analysed using another SigmaScan macro that allowed for batch processing of the various 
images in a short period of time. Data was recorded for percentage increase in seed size 
until radicle emergence for honeylocust and radicle length (mm)  in excised redbud 
embryos. Seed size in honeylocust seeds was calculated by using SigmaScan’s intensity 
threshold function to create an overlay that measured the area of each seed. Radicle 
length in redbud seeds was measured using SigmaScan Pro’s trace function. Using the 
mouse, a linear overlay was traced for the length of the emerging radicle. Cumulative 
length in pixels was converted to mm using a standard calibration image. 
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Results and Discussion 
Honeylocust seeds showed a typical triphasic increase in seed size indicative of 
water uptake during imbibition (Fig. 4.1). Seeds treated with concentrated H2SO4 for 60 
minutes had a faster imbibition rate compared with seeds that were acid scarified for 30 
minutes or physically scarified.   Seeds treated with concentrated H2SO4 (60 minutes) 
reached 50% of their final imbibed size within 11 hours after imbibition compared to 20 
hours for physically scarified seeds (significant at P≤0.01). Seeds treated with 
concentrated H2SO4 (30 minutes) remained small and did not imbibe much water or 
germinate during the study period.   
According to Woodstock (1988) hardseededness may be due to a compact 
arrangement of cellulose microfibrils in the cell wall, involving an irreversible change in 
micellar structure during maturation and dehydration of the seed.  Honeylocust seeds 
have a paliside epidermal layer with thick walled malpighian cells. Subsequently, 30-
minute acid scarification was not enough to adequately scarify the epidermal layer 
leading to reduced imbibition.  
There was less variation in the rate of water uptake between seeds treated with 
concentrated H2SO4 (60 minutes) compared to physically scarified seeds (Fig. 4.2). This 
may be due to a larger and more uniform disruption of surface area cells in acid scarified 
seeds compared to a single wound site on the seed coat for nicking or may be due to the 
non-precise nature of physically nicking the seeds. However, these data show how the 
imaging system can easily compute water uptake on a single seed basis (Fig 4.3) for such 
an analysis.    
Baskin et al., (2000) suggested that in legume seeds, the lens (strophiole) is the 
first place on the seed coat for water entry when hard seeds become permeable under 
natural conditions. In contrast, for acid scarified legume seeds, Liu et al., (1981) showed 
a general reduction in the materials covering macrosclerieds throughout the seed. 
Therefore, rather than a single entry point for water, it would be anticipated that acid 
treated seeds would show uniform water uptake over the entire seed surface.  However, 
when water entry was followed on an hourly basis, acid-treated honeylocust seeds 
showed asymmetric water uptake across the seed with more water initially entering at the 
chalazal and micropylar ends that produced a “dumbbell” shaped appearance after 15 hr 
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(Fig. 4.1). This suggests that the cells in the polar regions of the seed were more 
susceptible to acid scarification than cells in the middle of the seed. 
Physically scarified seeds showed initial water uptake at the point of nicking with 
water spreading from the center of the seed to the opposite ends of the seed or from one 
end to the other end of the seed depending on the initial nicking point (Fig. 4.1). The 
sequential images captured by the flat bed scanner allowed us to document the water 
uptake at hourly intervals and enabled us to see the position of water uptake in the 
honeylocust seeds which would not be possible by former techniques.  
Redbud seeds have intermediate physiological dormancy. Embryos displaying 
this type of dormancy show an increased growth potential following chilling stratification 
(Hartmann et al., 2002). Geneve (1991) showed that isolated redbud embryos from 
chilled seeds grew faster than non-chilled embryos. However, these measurements were 
performed by hand and done every 24 hours. In contrast, using the computer-aided 
imaging system, radicle length could be measured every hour and a precise growth rate 
calculated with little researcher investment in time. As predicted, non-chilled redbud 
embryos took 90 hours for radicles to reach 10 mm in length, while embryos chilled for 4 
weeks reached a radicle length of 10 mm in only 45 hours (Fig. 4.4; P≤0.01). If the data 
was evaluated on a 24 hour basis as has been done previously (Geneve, 1991), a clear 
quadratic increase in seedling size is seen (Fig. 4.4a). However, using hourly image 
analysis, redbud embryos showed three distinct phases of growth (Fig. 4.4b). Following 
removal from the testa, there was a lag period prior to initiation of a slow increase in 
radicle size. This was followed by a rapid linear increase in size. In non-chilled embryos, 
growth did not begin until 9 hours after removal from the testa. The subsequent slow 
growth phase required 7 hours before embryos entered the rapid linear phase of growth. 
In contrast, embryos from chilled seeds required only 3 hours to initiate growth and 
began the rapid linear phase only 5 hours later (Fig. 4.4b).  
These two studies evaluating two typical aspects of seed dormancy clearly shows 
how sequential digital images captured with the flat bed scanner can be used to show 
subtle changes in seed and seedling growth that would not be detectable otherwise. It 
enabled easy identification and analysis of water entry into seeds. This technique 
revealed changes in seed morphology that were previously undocumented for seeds with 
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physical dormancy. It also showed differences in seedling growth that were masked due 
to the frequency of measurements previously used to measure changes in embryo growth 
potential. This technique would allow the researcher to more precisely identify key stages 
of development for future physiological or biochemical analyses.  
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Fig 4.1: Water entry over the first 45 hours in seeds treated with acid or physically 
scarified by nicking the seeds at the top or center of the seed (micropylar ends face 
bottom). Bar represents 1 cm length. 
 
 
 
0hr      15hr         30hr   45hr
Acid 
Nicked at 
Top 
(arrow) 
Nicked at 
center 
(Arrow) 
 
 
 
 
 
 
 
 
 
 45
Fig 4.2: Imbibition following acid or physical scarification in honeylocust seeds. 
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Fig 4.3: Impact of stratification on increase in size in individual honeylocust seeds in acid 
treated for 60 mins and Physically nicked treatments. 
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Fig 4.4: Impact of stratification on redbud radicle length. 
A. Data evaluated on a 24 hour basis 
B. Data evaluated on an hourly basis 
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Appendix 
 
 
Fig A.1: Cartoon of the experimental setup in the flatbed scanner used to take timed 
interval  scans. 
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Fig A.2: Outline of data generation using the SigmaScan® Pro 5.0 software 
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Fig A.3: Pattern of development of the germinating seedling.(Arrows in image 2 indicate 
emergence of the hypocotyl; image 3 indicates emergence of the radicle; image 6 indicate 
emergence of secondary roots; bar indicates 1 mm length) 
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Fig A.4: Outline of analysis of the radicle images using SigmaScan® Pro’s trace 
function.  
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Fig A.5: Cartoon of the camera assembly for taking images of germinating seedlings in 
flats. 
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Fig A.6:  Representative flat of impatiens seedlings being overlaid with false red color 
using SigmaScan® Pro’s color threshold function 
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Fig A.7: Area measurement using SigmaScan® Pro’s measure object function  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 55
Fig  A.8: Progression from the initial unfurling of the cotyledons to the emergence of the 
first pair of true leaves in an impatiens seedling [the arrow points to the newly emerging 
first pair of true leaves] 
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Fig A.9: Comparison between seedlings germinating from high vigor and low vigor seed 
lots 
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Movie 1:  The early stages of seed germination in impatiens. (Click on the image to run 
the movie) 
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Movie 2:  Water uptake in honeylocust seeds showing the unique intermediate dumbbell 
shape following acid scarification treatment. (Click on the image to run the movie) 
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Movie 3:  Water uptake in nicked honeylocust seeds showing the uptake of water from 
the nicked end. (Click on the image to run the movie) 
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